Production of the antifungal metabolite phenazine-1-carboxamide (PCN) by Pseudomonas chlororaphis strain PCL1391 is essential for the suppression of tomato foot and root rot caused by the soil-borne fungus F. oxysporum f. sp. radicis-lycopersici. The authors have shown previously that fusaric acid (FA), a phytotoxin produced by Fusarium oxysporum, represses the production of PCN and of the quorum-sensing signal N-hexanoyl-L-homoserine lactone (C 6 -HSL). Here they report that PCN repression by FA is maintained even during PCN-stimulating environmental conditions such as additional phenylalanine, additional ferric iron and a low Mg 2+ concentration. Constitutive expression of phzI or phzR increases the production of C 6 -HSL and abolishes the repression of PCN production by FA. Transcriptome analysis using P. chlororaphis PCL1391 microarrays showed that FA represses expression of the phenazine biosynthetic operon (phzABCDEFGH) and of the quorum-sensing regulatory genes phzI and phzR. FA does not alter expression of the PCN regulators gacS, rpoS and psrA. In conclusion, reduction of PCN levels by FA is due to direct or indirect repression of phzR and phzI. Microarray analyses identified genes of which the expression is strongly influenced by FA. Genes highly upregulated by FA are also upregulated by iron starvation in Pseudomonas aeruginosa. This remarkable overlap in the expression profile suggests an overlapping stress response to FA and iron starvation.
INTRODUCTION
Pseudomonas chlororaphis strain PCL1391 gives excellent biocontrol of tomato foot and root rot, a disease caused by the fungus Fusarium oxysporum f. sp. radicis-lycopersici (Chin-A-Woeng et al., 1998). In the tomato rhizosphere PCL1391 colonizes the same niche as occupied by F. oxysporum hyphae, and closely interacts with F. oxysporum by attaching to, and forming micro-colonies on, hyphae (Bolwerk et al., 2003) . Secretion of toxic and growthinhibiting compounds by both the fungus and the bacterial biocontrol strain is part of the complex interaction between fungi and bacteria.
PCL1391 produces the antifungal metabolite phenazine-1-carboxamide (PCN), which inhibits hyphal growth (Chin-A-Woeng et al., 1998) . Using a PCN biosynthetic mutant it was shown that PCN is essential for the biocontrol ability of PCL1391 (Chin-A-Woeng et al., 1998) . PCN production is regulated by the quorum-sensing regulatory genes phzI and phzR, which are homologous to luxI and luxR (Chin-A-Woeng et al., 2001b) . In addition, biosynthesis of PCN is dependent on the two-component regulatory system formed by GacS and GacA and is regulated by PsrA and the stationary-phase sigma factor encoded by rpoS (Chin-A- Woeng et al., 2005; G. Girard, unpublished) .
In this study we investigated the repression of PCN biosynthesis by FA in more detail with the aim of (i) analysing the molecular mechanisms and environmental conditions which influence PCN production in the presence of FA and (ii) identifying new genes of which the expression is affected by the presence of FA.
METHODS
Micro-organisms and culture conditions. The microbial strains and plasmids used are listed in Table 1 . Luria-Bertani (LB) medium (Sambrook & Russell, 2001 ) was used as standard medium for culturing Escherichia coli and Chromobacterium violaceum. A modified Vogel-Bonner medium (van Rij et al., 2004; Vogel & Bonner, 1956 ) was used to culture Pseudomonas cells. Modified VogelBonner salts #1 (MVB1) contained final concentrations of 30 mM glucose, 0?05 % (w/v) Casamino acids, 57 mM K 2 HPO 4 , 16 mM Na(NH 4 )HPO 4 , 81 mM MgSO 4 , 78 mM NaFe(III)EDTA, 6?8 mM MnSO 4 , 0?35 mM CuSO 4 , 4?1 mM Na 2 MoO 4 , 0?85 mM ZnSO 4 , 51 mM H 3 BO 3 ; the pH was adjusted to 6?6 using HCl (van Rij et al., 2004) . If indicated, phenylalanine or fusaric acid (Acros) was added to MVB1 at a final concentration of 1?0 mM. The magnesium concentration was modified by replacing MgSO 4 by 0?8 mM K 2 SO 4 and 0?08 mM MgCl 2 . Solidified growth media contained 1?8 % (w/v) agar (Difco). If appropriate, media were supplemented with the antibiotics kanamycin or gentamicin at final concentrations of 50 and 30 mg ml 21 , respectively. Cultures were shaken at 195 r.p.m. on a Janke und Kunkel shaker KS501D (Staufen) at 28 uC and growth was monitored by measuring OD 620 . Growth analyses and RNA isolation were conducted in 100 ml flasks with 10 ml medium after inoculation from an appropriate 5 ml overnight culture to an OD 620 of 0?1.
Analyses of bioluminescent Tn5luxAB reporter strains.
Expression of Tn5luxAB-tagged genes was determined by quantification of luxAB activity during culturing. Samples of 100 ml were taken in duplicate and 100 ml substrate solution, containing 0?2 % (v/v) n-decyl aldehyde (Sigma) and 2?0 % (w/v) bovine serum albumin, was added. Bioluminescence was determined using a luminescence counter (MicroBeta 1450 TriLux, Wallac).
DNA manipulation. PCRs were carried out with Super Taq enzyme (Enzyme Technologies). The primers were synthesized by Isogen Life Science. Restriction enzymes were purchased from New England BioLabs and ligase from Promega. To PCR the phzI gene under the P lac promoter, primers oMP812 (59-ATATATGAATTCAATTGTG-AGCGGATAACAATTTCACACAGGAAACAGGATCCTAAAATGAT-GCACATGGAAGAGCACACACTGAACGG-39) and oMP813 (59-AT-ATATGAATTCCGGCGTGATCATGGGGGTGTGCACCG-39) were used. The resulting PCR fragment was digested with EcoRI and ligated into EcoRI-digested pBBR1-MCS5 to obtain pMP7450. A PCR fragment with the phzR gene under control of the P tac promoter was constructed (G. Girard, unpublished) by using primers oMP777 (59-ATATATCTCGAGTTGACAATTAATCATCGGCTCGT-ATAATGTGTGGAATTGTGAGCGGATAACAATTTTCACACAGGA-AACAGCTAAATGGAGTTAGGGCAGCAGTTGGGATGGG-39) and oMP778
(59-ATATATGAATTCCCCCTCAGATATAGCCCATCG-CAACTGCG-39). The resulting PCR fragment was digested with XhoI and EcoRI and ligated into XhoI-and EcoRI-digested pBBR-MCS5 to obtain pMP7447. Construction of a chromosomal microarray of P. chlororaphis PCL1391. Microarray construction, RNA isolation, and data analyses were developed by G. Girard. Microarray analyses were performed according to the MIAME standards (Brazma et al., 2001) . The chromosomal microarray consists of approximately 12 000 random chromosomal SauIIIA DNA fragments from PCL1391 between 0?4 and 2 kb in size. After an initial cloning of the chromosomal fragments into pBluescript, each insert was amplified with aminolabelled primers annealing to the multicloning site flanking the insert. PCR products were spotted on poly-L-lysine-coated glass slides with a Genemachines Omnigrid 100 spotter (Genomic Solutions). The microarrays were designed to contain the following controls: empty spots (neither DNA, nor buffer), spots with only 50 % (v/v) DMSO, a negative control with l phage DNA (Westburg), and PCR products of several known genes of PCL1391: phzB, phzH, phzR, phzI, sss, gacS and psrA (Chin-A- Woeng et al., 2000 Woeng et al., , 2001a Woeng et al., , b, 2005 .
RNA preparation and microarray processing. RNA was extracted from cultures at an OD 620 of 2?0 with an adapted protocol developed by Jon Bernstein (http://bugarrays.stanford.edu/protocols/ rna/Total_RNA_from_Ecoli.pdf). After phenol/chlorophorm extraction, the supernatant was applied to columns from the RNeasy Midi kit (Qiagen), and the RNA was extracted following the protocol supplied by the manufacturer, including the DNase step. RNA purity was verified on 1?2 % (w/v) agarose gel following the protocol of the RNeasy Midi kit. RNA was immediately used for cDNA probe generation using the CyScribe post-labelling kit (Amersham Biosciences). Each reaction was performed with 30 mg of total RNA and random nanomers. After purification, the efficiency of Cy label incorporation into the cDNA and the quality and amounts of labelled cDNA were verified with a Ultrospec 2100 Pro spectrophotometer (Amersham Biosciences). The amounts of Cy-labelled cDNA were calculated using http://www.pseudomics.com/percent_inc.html. Equal amounts of cDNA for both Cy3 and Cy5 labels, with a minimum of 40 pM of each dye, were hybridized. Before hybridization, the microarrays were rehydrated by H 2 O steam at 50 uC and snap-cooled on a hot plate. Then they were UV-cross-linked at 250 mJ cm 22 (Amersham Life Sciences UV cross-linker). They were subsequently prehybridized with 100 ml prehybridization buffer [0?4 mg ml 21 herring sperm DNA (Gibco, Invitrogen), 0?4 mg ml 21 yeast tRNA (Gibco, Invitrogen), 56 Denhardt's (Denhardt, 1966) , 3?26 SSC (sodium chloride/sodium citrate buffer, 3 M NaCl/0?3 M trisodium citrate), 0?4 %, w/v, SDS] for 2 min at 80 uC and 30 min at 65 uC. Finally, the slides were washed at room temperature in 26 SSC, twice in 70 % (v/v) ethanol, once in 90 % (v/v) and 100 % (v/v) ethanol (5 min per wash step) and air-dried. The Cy-labelled cDNA was hybridized overnight at 65 uC in a GeneTAC Hybstation (Genomic Solutions). After hybridization, the slides were washed in 26 SSC, 0?1 % (w/v) SDS for 5 min at 30 uC, in 0?56 SSC for 5 min at 25 uC and in 0?26 SSC for 5 min at 25 uC. The slides were dehydrated by washing in 70 %, 90 % and 100 % (v/v) ethanol (1 min per wash step), dried by compressed air and scanned in a G2565AA microarray scanner (Agilent). The experiment was repeated at least four times, including dye swaps.
Microarray data analysis. After scanning, the microarrays were analysed in GenePix Pro version 5.0 (Molecular Devices). The following criteria were implemented to select spots corresponding to genes assumed to be affected significantly in their expression by FA: spots were considered as interesting if the mean of the ratio of red and green laser intensities was higher than 2 [ratio of medians (650/ 550)>2] or lower than 0?5, but positive [ratio of medians (650/ 550)<0?5 and ratio of medians (650/550)>0]. In both cases, the spots were selected only if they had at least 80 % of their feature pixels more than two standard deviations above background in both the green and red channel [(%>B550+2SD)>80 and (%>B650+ 2SD)>80]. Results of four identical microarray experiments were compared and spots were categorized into three groups: (i) expression unaltered by FA; (ii) more than twofold upregulated by FA; (iii) more than twofold downregulated by FA. The values were normalized assuming that most genes of the array are not differentially expressed. Results of four microarray experiments were used in our analyses. Raw microarray data, microarray image, and sequences of clones are available as supplementary data with the online version of this paper.
RESULTS

FA represses PCN production under different environmental conditions
The effect of 1 mM FA on PCN production was evaluated under environmental conditions that stimulate PCN production (van Rij et al., 2004) . The latter conditions included 1 mM phenylalanine, a 10-fold reduction of Mg 2+ to a final concentration of 0?08 mM Mg 2+ , and a 23-fold increase of ferric ions (Fe 3+ ) with a final concentration of 2 mM FeCl 3 (Table 2) . A combination of FA and phenylalanine increased PCN production compared to FA alone but decreased PCN production compared to phenylalanine alone. FA suppressed the positive effect of a low Mg 2+ or high ferric ion concentration on PCN production. FA has divalent cation chelating characteristics which include iron (Bochner et al., 1980) , and iron limitation is known to repress PCN production (van Rij et al., 2004) ; this suggests iron chelation by FA as a possible mechanism by which FA represses PCN production. To test that hypothesis, the effect of adding 0?1 mM and 1?0 mM of the strong iron chelator ethylenediamine-di(o-hydroxyphenylacetic acid) (EDDHA) to the growth medium was studied. A concentration of 1?0 mM EDDHA did not alter the production of PCN compared to that in the control. A tenfold lower concentration of EDDHA almost doubled PCN production compared to the control.
Another divalent cation which is a possible candidate for FA chelation is zinc. Reduced zinc levels caused by FA chelation could cause PCN repression since zinc is structurally important in the ferric uptake regulator (Fur) protein (Pohl et al., 2003) . The effect of different zinc concentrations in combination with FA was investigated (Table 3) . Zinc concentrations of 10 mM, 100 mM and 2 mM ZnSO 4 did not increase PCN production with or without FA. To rule out interference of SO { 4 , the effect of ZnCl 2 was investigated in an identical experiment, which gave similar results (data not shown).
Expression of phzI and phzR is repressed by FA under different environmental conditions
The quorum-sensing regulators phzI and phzR regulate PCN production (Chin-A-Woeng et al., 2001b). Transcription of these regulators was monitored during growth in standard MVB1 medium. Transcription of phzI in the phzI : : Tn5luxAB mutant (PCL1103) remained at basal level with and without FA. Because PCL1103 does not contain a functional phzI there is no production of C 6 -HSL and the auto-induction of phzI can not take place (Fig. 1) . Additional synthetic C 6 -HSL (5 mM) induced phzI transcription. Adding both C 6 -HSL and FA resulted in the repression of phzI transcription. Transcription of phzR in PCL1104 (phzR : : Tn5luxAB) was also repressed by FA (Fig. 1) .
Transcription of phzI and phzR was reduced by FA during growth under PCN-stimulating conditions which included additional phenylalanine, a low Mg 2+ concentration, and additional ferric iron (Fig. 2) . MVB1 with phenylalanine resulted in phzI and phzR transcription reaching a maximum between OD 620 2 and OD 620 3 and decreasing when cells reach OD 620 4. Additional phenylalanine and FA advances the peak of phzI and phzR transcription towards OD 620 1 (Fig. 2a) concentration shows the largest repression of phzI and phzR transcription by FA (Fig. 2b, c) .
Constitutive expression of phzI or phzR restores PCN production in the presence of FA It can be predicted that PhzI is responsible for the synthesis of the autoinducer C 6 -HSL (Chin-A-Woeng et al., 2001b), the production of which is reduced by the presence of FA (van Rij et al., 2004) . The phzI gene is constitutively expressed in PCL1999, which is a PCL1391 derivative containing plasmid pMP7450 with phzI under the control of the constitutive lac promoter. This strain overproduces C 6 -HSL more then tenfold in comparison with PCL1391 (Fig. 3) . It appeared that PCN production by PCL1999 was not affected by the presence of FA (Fig. 4) .
Constitutive expression of the second quorum-sensing regulator, phzR, was achieved by introducing pMP7447 Fig. 2 . Expression of phzI (PCL1103) with 5 mM synthetic C 6 -HSL (HHL) and phzR (PCL1104) grown in MVB1 with (a) additional 1 mM phenylalanine, (b) reduced Mg 2+ concentration, or (c) additional 2 mM FeCl 3 . Cells were grown in the absence (black symbols) and in the presence (white symbols) of 1 mM FA. Luminescence values were measured in counts per second (c.p.s.) per optical density unit during growth. Means±SD of two samples are shown. Fig. 3 . Influence of FA on the production of HSL by P. chlororaphis strain PCL1391. Lanes 1 and 2, PCL1391; lanes 3 and 4: PCL1999 (PCL1391 containing a constitutive phzI gene in trans); lanes 5 and 6, PCL1993 (PCL1391 containing a constitutive phzR gene in trans); lane 7, synthetic C 6 -HSL standard (2?5610 "7 mol); lane 8, synthetic C 4 -HSL (3610 "6 mol) and C 6 -HSL (2?5610 "8 mol). Samples in lanes 2, 4 and 6 were grown in the presence of 1 mM FA. Samples were separated by C18 reverse-phase TLC and visualized using C. violaceum strain CV026. Extracts were isolated at OD 620 3?0. The experiment was performed three times with similar results. into PCL1391. This plasmid contains phzR under constitutive expression of P tac . Introduction of pMP7447 into the wild-type strain PCL1391 resulted in PCL1993. FA did not reduce PCN production in PCL1993 whereas it did in strain PCL1960, which contains the empty cloning vector (Fig. 4) . PCL1993 produced increased amounts of C 6 -HSL compared to PCL1391 and FA did not detectably reduce these high levels of C 6 -HSL (Fig. 3) . PCL1960 increased PCN production compared to the wild-type strain PCL1391 for unknown reasons but served as the correct control for the phzI and phzR overexpressing strains as it contains the empty vector.
Effect of FA on the expression of the PCN biosynthetic and regulatory genes
Microarray analysis allowed the identification of changes in gene transcription of the phz operon and the regulatory PCN genes phzI, phzR, gacS, rpoS and psrA after the addition of FA. RNA was isolated from a PCL1391 culture at OD 620 2?0, at which density the start of PCN production is detected in the medium, and was used for cDNA synthesis and fluorescent labelling. The labelled cDNA was hybridized with PCL1391 microarrays. Expression profiling showed that the expression of PCN biosynthetic genes and the quorumsensing regulatory genes phzI and phzR was severely reduced in the presence of 1 mM FA (Table 4 ). The highest reduction (sixfold) was observed for the PCN biosynthetic genes phzB, phzC and phzH. The expression of phzI was reduced fourfold and the expression of the transcription factor phzR was reduced twofold (Table 4) . Expression of the PCN regulators rpoS, gacS and psrA was not affected by FA (Table 4) . Transcription of the PCN regulators psrA and gacS, and the biosynthetic gene phzB, was followed during growth with the use of Tn5luxAB reporter mutants (Fig. 5) .
Transcription of psrA in PCL1111 (psrA : : Tn5luxAB) and transcription of gacS in PCL1969 (gacS : : Tn5luxAB) were not influenced by FA. Transcription of the biosynthetic operon (phzB : : Tn5luxAB) in PCL1119 increased with increasing optical density whereas it did not increase in the presence of FA (Fig. 5) .
Effects of FA on the transcriptome of P. chlororaphis PCL1391
Microarrays containing genomic fragments of PCL1391 were used to reveal the effect of FA on its transcriptome. Expression of 17 % (2115 clones) of the 12 000 clones *The clone number refers to the number in the library (plate number, row and column). All clones selected in this table corresponded to genes of which the expression was decreased (2) or increased (+) by 1 mM FA. DClosest homologous gene to the sequenced microarray clone and the closest homologous gene in P. aeruginosa PAO1. If a clone is not homologous to a gene in P. aeruginosa this is indicated by (-). dHigher Bit score indicates larger region of similarity with the homologous gene shown in column 3. §Lower E-values indicate higher similarity of the homologues gene shown in column 3. ||Gene accession number and organism of the homologues gene shown in column 3. spotted was detected. Clones with twofold difference in expression after the addition of FA were selected, resulting in 98 clones (4?6 %) that were upregulated and 112 clones (5?3 %) that were downregulated. The raw microarray data are available as supplementary data with the online version of this paper. A total of 32 clones with altered expression ratios was sequenced; ORFs were identified and analysed using BLAST (Altschul et al., 1990) . Genes with the highest similarity to the sequenced clones, gene accession numbers and corresponding organisms are shown in Table 4 . Column 3 includes the most similar gene and annotation in P. aeruginosa after the name of the gene with highest similarity in order to compare our results with microarray studies of P. aeruginosa. Clones that were up-or downregulated by FA can be divided into seven main classes. Class one has the highest similarity to a putative outer-membrane ferripyoverdin receptor from Pseudomonas putida KT2440 and is also similar to the main ferripyoverdin receptor fpvA of P. aeruginosa. Clone 60_D12 was also included in this subgroup as it is highly homologous to the second outer-membrane ferripyoverdin receptor fpvB in P. aeruginosa (Ghysels et al., 2004) . The second class contains genes that show homology to non-ribosomal peptide synthetase (NRPS) and pyoverdin synthetase genes. Clones 21_C4 and 127_A3 belong to the same ORF, which has the highest similarity to an NRPS of Azotobacter vinelandii and to a lesser extent with the NRPS for pyoverdin biosynthesis pvdD from P. aeruginosa. Clones 3_C9, 68_C11, 89_H9, 116_G10 and 118_C10 have the highest similarity to an NRPS of P. fluorescens and lower similarity to the NRPS for pyoverdin pvdI from P. aeruginosa. Clone 65_C5 is similar to an Lornithine N
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-hydroxylase gene which is involved in the modification of the peptide chain of pyoverdin. The outermembrane ferripyoverdin receptor and the pyoverdin synthetases are upregulated by FA and involved in production or uptake of pyoverdin in P. aeruginosa (Ravel & Cornelis, 2003) . Class three contains ORFs with similarity to cytochrome c genes, which are all downregulated by FA. Class four consists of two clones which have similarity to fumarase genes. The two clones with similarity to valyl-and alanyltRNA synthetase were grouped in class five. Upregulated clones that occurred once were gathered in class six, which contains ORFs with similarity to two hypothetical proteins on clone 75_B12 and a polyferredoxin on clone 77_C5. Class seven contains the remaining downregulated clones. Genes on these clones are similar to a cation ABC transporter, a periplasmic cation-binding protein, an oxygen-independent coproporphyrinogen III dehydrogenase, a putative membrane protein, a methyl-accepting chemotaxis protein, and three hypothetical proteins, respectively (Table 4) .
DISCUSSION
In the rhizophere, biocontrol strains are constantly interacting with their environment, which includes other microbes. In this study we focused on the effect of the fungal toxin fusaric acid (FA) on P. chlororaphis PCL1391. One of our questions was whether FA could repress PCN biosynthesis under environmental conditions that favour PCN production. Under all three PCN-stimulating conditions studied, 1 mM phenylalanine, 2 mM FeCl 3 and low Mg 2+ , FA reduced PCN levels. The PCN production in the presence of FA was not elevated by an additional 2 mM FeCl 3 or a low Mg 2+ concentration. Combining both phenylalanine and FA resulted in intermediate PCN levels compared to only FA or phenylalanine (Table 2 ). This shows that FA represses PCN production under different environmental conditions and can be influenced by some environmental changes. Transcriptional analyses of phzI and phzR under these different environmental conditions demonstrated that FA repressed their transcription in all conditions (Fig. 2) and confirmed that phzI and phzR expression is necessary for optimal PCN production. Repression of phzI and phzR by FA was highest in MVB1 with a low Mg 2+ concentration or additional iron. These two conditions also resulted in the largest repression of PCN production by FA (Table 2) .
When the C 6 -HSL concentration was increased by constitutive expression of phzI (strain PCL1999), PCN levels were no longer reduced by the addition of FA (Figs 3 and 4) . Constitutive expression of phzR also led to an increased production of HSLs (Fig. 3) . Increasing concentrations of the transcriptional regulator PhzR stimulate expression of phzI and therefore increase C 6 -HSL production. Transcription studies with Tn5luxAB reporter mutants and microarray analyses showed that the expression levels of the phenazine biosynthesis operon and of the quorum-sensing regulators phzI and phzR are reduced by FA (Table 4 , Figs 1 and 5). This reduction in gene expression explains the reduced levels of PCN in the presence of FA and suggests that repression of PCN production occurs upstream of the biosynthetic phz operon and of phzI. FA could directly or indirectly repress phzR expression and thereby reduce the expression of phzI and biosynthesis of C 6 -HSL. Expression of the PCN regulators gacS, rpoS and psrA was not altered by FA (Table 4, Fig. 5 ), which suggests that FA acts in parallel to or downstream of these genes.
The microarray allowed identification of genes differentially expressed by FA. Because the genome of PCL1391 has not been sequenced, a microarray containing only random fragments of genomic DNA and control genes was available (see Methods). Sequencing revealed that the same genes were present in different selected clones spotted several times on the microarray, thereby internally validating the analyses (Table 4) .
Comparison of our data with those of the literature suggests a correlation between treatments with FA and iron limitation. Genes upregulated by FA in P. chlororaphis were induced by iron limitation in P. aeruginosa. Clones of class one are homologous to outer-membrane ferripyoverdin receptors fpvA (PA2398) and fpvB (PA4168) (Ghysels et al., 2004) of P. aeruginosa and are upregulated by iron limitation (Ochsner et al., 2002; Palma et al., 2003) . These outermembrane ferripyoverdin receptors have similarity with the TonB system that was shown to be involved in tolerance to solvents and drugs and thought to play a role in drug exclusion (Godoy et al., 2001) . This could explain the upregulation of the clones in this class in response to FA. The pyoverdin synthetase genes found to be upregulated by FA are homologous to the non-ribosomal peptide synthetases pvdI (PA2402) pvdJ (PA2400) and pvdD (PA2399) and the pyoverdin modification gene pvdA (PA2386) (Ochsner et al., 2002; Palma et al., 2003) . All of these genes are induced by iron limitation in P. aeruginosa. Upregulation of these genes involved in the biosynthesis and uptake of pyoverdin can be explained in relation to iron starvation but is less obvious in relation to FA stress. Iron limitation increased fumC1 (PA4470) and decreased hemN (PA1546) expression in P. aeruginosa (Ochsner et al., 2002; Palma et al., 2003) and FA treatment also increased fumarase (fumC1) and decreased oxygen-independent coproporphyrinogen III dehydrogenase (hemN) expression in P. chlororaphis. Remarkably, clone 14_C10 is repressed by FA but has similarity with PA2406 and PA2407, which are also part of the pyoverdin cluster of P. aeruginosa and are upregulated by iron limitation (Ochsner et al., 2002) . This is the only sequenced clone that is regulated oppositely when comparing the expression profile of FA stress and iron limitation. Interestingly, FA does not seem to stimulate the transcription of all the genes induced by iron limitation, but appears to stimulate the pyoverdin system more specifically.
Although FA induces many genes involved in the uptake of iron, an increased production of siderophores was detected only during iron limitation and not during FA stress of P. chlororaphis PCL1391 (data not shown). This suggests that FA stress does not result in a complete iron starvation response. FA has ferric ion chelating characteristics (Bochner et al., 1980) which could explain the repression of PCN by FA since iron limitation represses PCN production. However, an excess of ferric ions (2 mM FeCl 3 ) did not restore PCN production. A second experiment also contradicts this hypothesis, since the high-affinity iron chelator EDDHA (0?1 and 1?0 mM) did not mimic FA stress and did not repress PCN biosynthesis (Table 2) . FA also chelates other divalent cations including zinc and this could cause PCN repression by FA. However, an excess of 2mM ZnSO 4 or ZnCl 2 does not restore PCN production in the presence of FA (Table 3) , refuting this possibility.
FA and iron limitation reduce PCN production in P. chlororaphis PCL1391 (van Rij et al., 2004) and have partially overlapping expression profiles, but FA is not causing or mimicking iron limitation. This suggests that the two stress conditions FA and iron limitation trigger partially overlapping regulatory cascades that result in the repression of PCN biosynthesis.
